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Abstract—We experimentally demonstrate a passively 
harmonic mode locked (PHML) Er-doped fiber laser with pump 
power efficiency up to 17 MHz/mW operating at L-band based on 
single walled carbon nanotubes polyvinyl alcohol (SWCNTs-PVA) 
film. Under 233 mW pump power, the stable pulse train at 1594.97 
nm with 40.5 dB side mode suppression ratio (SMSR) and 742 fs 
pulse duration is obtained at a repetition rate of 1.923 GHz, 
corresponding to 170th harmonic of the fundamental frequency. 
Under optimized intracavity conditions, the pulses frequency is 
able to scale up to 2.415 GHz with a high level of 40 dB SMSR, 
which to the best of our knowledge, is the highest value yet 
reported from a L-band PHML fiber laser incorporating 
SWCNTs as saturable absorber (SA). Such high repetition rate 
and stable fiber laser operating at L band may be desirable for 
various applications.  
 
Index Terms—mode locked fiber lasers, mode locking, 
nanomaterials 
 
I. INTRODUCTION 
RESENT research activities on ultrashort pulse fiber lasers 
with up to GHz range repetition rate have been extensively 
explored on account of their potential applications in optical 
frequency metrology [1], high speed optical sampling [2] and 
modern optical communication system [3]. Especially, for the 
modern optical communication system, the conventional C-
band telecommunication window has been incapable of 
supplying the demand of persistent increasing of 
communication capacity. For addressing the problem, 
extending optical telecommunication region to L band is a key 
issue. Therefore, there is no doubt that investigating L-band 
fiber laser with high repetition rate via PHML method is of 
great importance. 
It is already widely acknowledged that active mode locking 
[4], short cavity [5] as well as PHML [6] have been considered 
as effective methods to achieve high repetition rate pulses. In a 
PHML laser, when high pump light launches into the laser 
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cavity, the single pulse circulating in the cavity would split into 
several pulses caused by peak power limiting and energy 
quantization effects. These multiple pulses do not distribute 
uniformly for general case. However, PHML occurs when the 
split pulses in a round-trip arrange themselves automatically 
exhibiting equal temporal spacing and uniform amplitude under 
appropriate conditions. At this time, the repetition rates of the 
laser then scale up some multiple of the cavity length defined 
fundamental repetition rate. Consequently, without an extra 
modulator or realizing impractical cavity length, a PHML fiber 
laser shows the superiority for the achievement of high 
repetition rate ultrashort pulses compared with other methods 
mentioned above. 
Since Grudinin et al firstly demonstrated the generation of 
PHML using nonlinear polarization rotation (NPR) [7], NPR 
has been utilized intensively and thanks to the advantages of 
sub-picosecond recovery time and wavelength-independent 
behavior. However, the NPR technique processes poor 
environmental stability. Fortunately, the physical SAs 
including semiconductor saturable absorber mirror (SESAM) 
[8], CNTs [9]-[11] and other types of nanomaterials [6] can 
remove such limitation and meanwhile show self-starting 
property in PHML. Nevertheless, SESAM exhibits some 
shortcomings of complex manufacture, narrow working 
bandwidth and high cost. Alternatively, CNTs have attracted 
much interest in HML generation recently, benefitting from the 
ultra-short recovery time, broadband operation range and 
environmental robustness. The first demonstration of HML 
based on CNTs was reported in 2010 resulting in repetition 
rates of 328.4 MHz with 30 dB SMSR, showing relatively 
unstable operation state [9]. Mou et al achieved 245 MHz 
repetition rate pulses with 40 dB SMSR, exhibiting much better 
stability [10]. However, the repetition rate is constrained to 
several hundreds of megahertz. In order to further explore the 
capability of PHML, Jun et al carefully optimized the cavity 
dispersion in an evanescent-type CNTs based fiber laser and 
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realized 5 GHz pulses at C-band successively [11]. Recently, 
our group has extended the laser operation band to L band and 
demonstrated that the pulse energy was ultimately conditional 
on the production of average dispersion and spectral bandwidth 
(DBP) while other cavity conditions were similar. In succession, 
2.08 GHz HML pulses were achieved [12]. 
In this letter, we propose a high-order PHML fiber laser 
operating at L-band based on SWCNTs-PVA film. When the 
pump power is set as 228 mW, the pulse frequency varies from 
1.8 GHz to 2.415 GHz under different polarization state. It is 
found that pulse duration sustains in the scale of 800 fs to 900 
fs and SMSR is always more than 40 dB. Compared to Ref [12], 
it shows dramatic improvements both in pulse duration and 
stability. The highest recorded repetition rate is 2.415 GHz, 
corresponding to 213rd harmonic order. To the best of our 
knowledge, it is the highest repetition rate achieved thus far 
from L-band PHML lasers using CNTs. Also, it should be noted 
that our laser possesses pump power efficiency of 17.21 
MHz/mW, which is much higher than previous reports [11,12]. 
Taking into account GHz L-band emission with good stability 
and femtosecond magnitude pulse duration, our laser may do 
contribution to some applications, especially, the modern 
optical communication system, spectroscopy etc. 
II. CHARACTERRISTICS OF CNTS-PVA FILM AND 
EXPERIMENTAL SET-UP  
A. Characteristics of CNTS-PVA Film  
 
Fig. 1.  The characteristics of the CNTs-PVA film (a) The linear absorption 
spectrum; (b) The Raman spectrum; (c) The measured nonlinear transmission. 
 
The production process of SWCNTs-PVA film is described 
elsewhere [12].The absorption spectrum of the as-prepared 
SWCNTs-PVA film is depicted in Fig. 1(a). From Fig. 1(a), it 
is found that the absorption band is wide and the absorbance is 
nearly 0.15 at 1600 nm, which gives rise to the possibility for 
laser emission at L band. Figure 1(b) plots the Raman spectrum 
measured by a 532 nm pump laser.  The radial breathing mode 
(RBM) is about 272 cm-1, from which, we speculate that the 
resultant film exhibits both metallic and semiconducting 
properties and the mean diameter is reckoned to be 0.8 nm. The 
existence of RBM makes a clear indication that our CNTs are 
single walled [13]. The nonlinear transmission of the CNTs film 
is measured with the assistance of a self-made mode locked 
fiber laser with central wavelength of 1597.34 nm. As shown in 
Fig. 1(c), the measured modulation depth is 1.83 %, indicating 
that the SWCNTs-PVA film can realize mode locking at L band.  
B. Experimental set-up 
 
Fig. 2.  L-band HML laser configuration based on SWCNTs-PVA film.  
 
The L-band PHML fiber laser with SWCNTs-PVA film is 
schematically illustrated in Fig. 2. The laser is pumped by a 980 
nm benchtop laser (OV LINK, Wuhan, China) which delivers 
up to a maximum power of 528 mW through a wavelength-
division multiplexer (WDM). The light in cavity propagates 
clockwise with the assistant of polarization-independent 
isolator (PI-ISO). A polarization controller (PC) placed after PI-
ISO is utilized to optimize the intracavity birefringence. The 
packaged SA is formed by sandwiching the SWCNTs-PVA 
film between two fiber connectors directly. The ring resonator 
is about 18.35 m, comprising of 8.18 m Er-doped fiber (EDF 
Er30-4/125 from Liekki) acting as gain medium with 
absorption of 30 dB/m at 1530 nm, 7.42 m single mode fiber 
(SMF) and 2.6 m OFS 980 fiber. Remarkably, the EDF length 
we use is much longer than most of the conventional lasers 
operating at C-band operation [14-17]. Particularly, the mode 
field diameter of the EDF is 6.5 ± 0.5 µm, featuring slightly 
large nonlinear parameter than SMF. The group velocity 
dispersion (GVD) coefficients of EDF, SMF and OFS 980 are 
+14.45 ps2/km, +4.5 ps2/km and -22.8 ps2/km, respectively. 
Therefore, the total net dispersion is -0.039 ps2 and the average 
dispersion is about -2.14 ps2/km. It should be noted that the 
proposed laser is on purposely designed in the dispersion-
managed soliton regime with comparatively small net 
dispersion.  On one hand, the DBP value at this point is 
relatively small, facilitating pulse splitting [12]. On the other 
hand, the generated pulse approximates stretched pulse, 
offering shorter pulse duration and better stability [5], [14]. 
From a 10:90 output coupler (OC), 10% signal light is tapped 
out for pulse characterization through an 8 GHz oscilloscope 
(OSC, KEYSIGHT DSO90804A) and a radio frequency (RF) 
spectrum analyzer (SIGLENT, SSA 3032X) with the help of a 
12.5 GHz photo-detector (PD, Newport 818- BB-51F). In 
addition, the pulse spectrum is ascertained by an optical 
spectrum analyzer (OSA, Yokogawa AQ6370C) while the 
pulse duration is detected by an autocorrelator 
(FEMTOCHROME, FR-103WS).  
III. RESULTS AND DISCUSSION 
Only two operation states are observed with the presented 
laser, namely, multiple pulses with unceasing motion and 
PHML. When pump power increases to 80.3 mW, mode 
locking occurs initially and multiple pulses in one round trip 
appear and move randomly at the same time. At this time, the 
pulses are at an undefined frequency and the corresponding 
optical spectrum is accompanied with clear continuous wave 
(CW), indicating unstable state. Worthy of mentioning, single  
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Fig. 3. The characteristics of 1.923 GHz pulse train. (a) The recorded pulse train. 
Inset: pulse train with the enlarged region of 100 ns;(b) Linear optical spectrum 
with Gaussian shape assumption. Inset: the optical spectrum with 0.02 nm 
resolution; (c) The autocorrelation trace; (d) The RF spectra. 
 
pulse state is never realized in the laser no matter how we adjust 
PC or pump power. It is believed that the long highly doped 
EDF with relatively small mode field diameter leads to slightly 
stronger nonlinear effect which may result in the unusual laser 
behavior. When higher pump power launches into the cavity, 
the pulses split further and continue to move around the cavity. 
At this point, HML can be realized in two cases. For the first 
case, the achievement of HML has to take several minutes or 
more when the unstable CW always coexists with the soliton. 
Meanwhile, it possesses poor stability as reflected in uneven 
pulse amplitude and low SMSR, showing similarity with that 
described elsewhere [15], [16]. Another solution is to rotate PC 
carefully until CW lasing disappears. As we do that, the pulses 
automatically organize themselves and the relatively steady 
HML is progressively formed within several seconds. Noted 
that the HML operations described in the following are always 
realized by this way.  
Under 233 mW pump power, the 170th harmonic at the 
repetition rate up to 1.923 GHz was observed. Figure 3(a) plots 
the temporal waveforms, in which pulses are equidistant and 
uniform with a stable spacing of 0.52 ns. Correspondingly, the 
optical spectrum in linear scale is well fitted by Gaussian 
function, showing the feature of stretched pulses, as presented 
in Fig. 3(b). In particular, the emitting wavelength is 1594.97 
nm with 10.19 nm 3dB bandwidth locating at L band. It can be 
deduced that the red shift of the typical emitting wavelength of 
1550 nm is attributed to intra-band absorption under the 
circumstance of the long gain medium. The typical 
autocorrelation trace is plotted in Fig. 3(c) from which we can 
see that it has a Gaussian-like profile which is in accordance 
with the shape of spectrum. The measured pulse duration is 742 
fs, thus the time bandwidth product (TBP) is about 0.89, 
suggesting a slight pulse chirp. Additionally, the stability of the 
pulses is expressed by the recorded RF spectra as shown in Fig. 
3(d), where the SMSR is 40.5 dB and the signal-to-noise ratio 
(SNR) is 56 dB. 
Under 233 mW pump power, the Q-switching operation 
emerges frequently indicating the multiphoton effect threshold 
of the CNT film. Thus we decrease pump power to 228 mW, 
 
  
Fig. 4. (a) The oscilloscope trace with a repetition rate of 2.415 GHz. Inset: the 
pulse train spanning 100 ns. (b) The corresponding optical spectrum in linear 
scale. Inset: autocorrelation trace fitted by Gaussian profile. (c) The RF spectra 
whose pronounced peak locates 2.415GHz. (d) The variations of SMSR and 
pulse duration when pulses frequency ranges from 1.8 GHz to 2.415 GHz. 
 
and the pulses frequency ranges from 1.8 GHz to 2.415 GHz by 
adjusting the intracavity PC properly. Figure 4 shows the 
performances of 2.415 GHz pulses corresponding to 213rd 
harmonic of fundamental frequency. It is the highest record 
obtained in our experiment. The pulses uniformly distribute 
along the cavity with clearly smaller equal spacing (0.41 ns) 
compared to Fig. 3(a), declaring higher frequency. This is the 
highest repetition rate achieved in CNTs-based PHML fiber 
laser working in L-band region. From Fig. 4(b), it is found that 
the profiles of the optical spectrum and autocorrelation trace are 
similar to those depicted in Fig. 3. And at this point, the 3dB 
bandwidth is 9.1 nm and the pulse duration is 863 fs, resulting 
in TBP of 0.925 and DBP of 19.4. We should like to emphasize 
that the higher pulse frequency arises from the narrower 
spectral bandwidth resulting in smaller DBP value, which is 
coincident with Ref [12].Obviously, the outstanding stability is 
well maintained, which is examined by RF spectra as shown in 
Fig. 4(c), where the SMSR is 40 dB along with a 56 dB SNR.  
In addition, the output power is 5.83 mW, indicating pulse 
energy of 2.41 pJ. Such low pulse energy indicates that the 
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Worthy of mentioning, pulse duration maintains in the range of 
800 fs to 900 fs and SMSR is always up to 40 dB, as plotted in 
Fig. 4(d).  It is postulated that the enhancement of pulse 
performances stems from the relatively broader spectral 
bandwidth and the reduction of dispersive wave when laser is 
organized in near-zero dispersion region [5][14]. 
Figure 5(a) summarizes pulses repetition rate and harmonic 
order in pace with pump power. As we can see, when increasing 
pump power from 161 mW to 233 mW, the repetition rate 
increases from 629.65 MHz to 1923.34 MHz corresponding to 
harmonic order increase from 56th to 170th. Both tendencies 
possess linear slope. Notably, the repetition rate slope is 
estimated to be 17.21 MHz/mW, outperforming that of all 
previous reports. It may result from low pulse energy and low 
modulation depth of CNTs-SA [17], which will be further 
studied in our future work. Indeed, once HML has settled, it can 
be kept for several hours unveiling the long-term stability. It 
should be also noted that the optical spectrum is always in the 
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Fig. 5. (a) The laser frequency (red triangle) and harmonic order (blue triangle) 
as a function of pump power.  
 
L band under all harmonic orders. Unfortunately, Q-switched 
pulses appear instead of higher repetition rate pulses when 
higher pump power is coupled into the cavity, resulting in high 
pulse energy, which may damage the CNTs SA film. 
As far as we are concerned, there is no affirmatory 
mechanism implemented to clarify the formation of HML. 
Thereby, merely proceeding from our experimental phenomena, 
we postulate that HML originates possibly from the global 
interaction force mediated by CW component and the repulsive 
force induced by acousto-optic effect. Initially, pulses in a 
round trip move ceaselessly within the cavity with relatively 
random phase. Meanwhile, we find that CW co-exist with 
pulses in the corresponding optical spectrum and strong 
background noise appears in the time domain, suggesting the 
characteristic of unstable CW. Regarding the unstable CW, 
each pulse within the cavity is subjected to varying degrees of 
turbulence, resulting in different central frequency shift [15]. 
Therefore, the global interaction force is induced and plays a 
major role in the movement of pulses [18]. Afterwards, if we 
adjust PC carefully to suppress the unstable CW component, the 
pulse sequence is then spaced equally in a short time. 
Enlightened by analysis expressed in Ref [19], we conjecture 
that the self-stabilized behavior comes from the pulse-to-pulse 
repulsive force induced by acousto-optic effect when the global 
interaction induced by CW is weak.  
IV. CONCLUSION 
In conclusion, we have demonstrated a high-order PHML Er-
doped fiber laser based on SWCNTs-PVA film working in L 
band. When pump laser delivers up to 233 mW pump light, 
1.923 GHz pulse train is realized with 40.5 dB SMSR at 170th 
harmonic. Furthermore, at pump power of 228 mW, the laser 
enables 1.8 GHz to 2.415 GHz stable pulses generation when 
we adjust PC appropriately. The pulse duration varies from 800 
fs to 900 fs while the SMSR constantly maintained over 40 dB. 
In comparison with the pulse performances reported in Ref [12], 
it possesses more advantageous pulse properties, particularly 
the pulse duration and stability.  Specifically, the highest 
repetition rate pulse delivered from the laser is 2.415 GHz 
corresponding to 213rd harmonic, which, to the best of our 
knowledge, is a record high levels obtained from a L-band 
PHML laser using CNTs. We believe that such high repetition 
rate short duration pulses combining outstanding stability 
together with L-band emission show the superiority for some 
specific applications such as modern optical communication 
system. Also, it is worth noting that the pump harmonic 
efficiency considerably enhances to 17.21 MHz/mW, compared 
to that in other reports. Additionally, from the experimental 
observations, we have proffered a qualitative explanation for 
the formation of HML, where the CW component and acousto-
optic effect play a great role. However, the more plausible and 
quantitative explanation calls for further simulation and 
experiment. Besides, the time jitter and relative intensity noise 
should be measured in our future work. 
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